
David Maurer

with J. Bialek, B. DeBono, R. James, J. Levesque, 
M. Mauel, G. Navratil, T. Pedersen, N. Rath, D. Shiraki

Columbia University

MHD Control Workshop
10 November 2009

Princeton Plasma Physics Laboratory

New HBT-EP wall and control 
coil system design and future 

experimental plans

Tuesday, November 10, 2009



Talk outline

• Motivation and experimental goal of new wall, control 
and sensor coil arrays on HBT-EP

• Examples of kink nonrigid, multimode plasma response 
to external magnetic perturbations

• Plans for investigating these issues on HBT-EP
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Physics motivation: Understand 
nonrigid, multimode plasma 
response to magnetic perturbations

• Important in predicting and optimizing performance of 
-  ELM mitigation
-  Error field correction
-  Kink feedback systems

• Experimental goal: Measure edge magnetic 
perturbations and plasma response with unprecedented 
detail and accuracy in a tokamak
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Why is nonrigid, multimode 
plasma response important?

 Small modular coils needed in vessel for ITER/reactor
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Small, Modular Internal Coils in 
ITER will possibly excite multiple 

plasma modes
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3D finite element VALEN model of  VAC02 coilset
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Can lead to “nonrigid,” 
multimode plasma response

• Expt/theory indicate that small coils can couple to other 
stable or unstable modes (large sideband harmonics)

• Leads to nonrigid mode (=multimode) behavior

• Can lead to loss of feedback control and obscure 
RMP plasma response expts and impact plasma 
performance 

• Can be hard to detect using “standard” tokamak 
magnetics
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Examples of nonrigid, 
multimode kink plasma 

response
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Nonrigid, multimode kink response: 
Ex-Trap T2R

Ex-Trap T2R, unstable multi-mode spectrum
P.R. Brunsell et al

Line emission in the UV-visible is measured by
combinations of different spectrometers. A 1 m Czerny-Turner
grating (2400 lines mm−1) spectrometer is used to measure
the 278.1 nm O V spectral line on an equatorial toroidal line-
of-sight. The Doppler shift of the spectral line from its
zero-velocity position—measured on a poloidal line-of-sight
through the plasma core—is used to calculate the toroidal
rotation velocity of the O V ion, taking into account the
angle between the toroidal line-of-sight and the direction of
rotation. From the Doppler broadening of the spectral line
measured on the poloidal line-of-sight through the plasma
core the O V ion temperature is calculated, deconvolving the
0.095 nm instrumental function of the spectrometer from the
experimental line width. Radial emission profiles of the plasma
impurity ions are measured by a 5-chord 0.5 m Ebert grating
(1200 lines mm−1) spectrometer. The emission profiles are
assumed to be poloidally symmetric and they are reconstructed
by fitting the chord averaged signals to a model function with
three free parameters [27]. The time evolution of specific
spectral lines is monitored simultaneously by 25 cm and
28 cm grating monochromators with photo-multiplier (PM)
tube detectors and the hydrogen line by a PM tube with Hα

filter. Poloidal lines-of-sight offset from the centre are used
for these three measurements.

A surface barrier diode (SBD) is used to monitor the
soft x-ray (SXR) radiation along a central line-of-sight. The
diode is fitted with a 7.6 µm thick Be foil that absorbs photons
with energies below "0.5 keV [28]. Radial profiles of SXR
emission are reconstructed using data from a 10-chord camera,
fitted with a 9 µm thick Be absorbing foil [29]. Profiles of the
total radiated power are determined using an 8-chord bolometer
array with gold film detectors having a flat response for
photon energies in the range 10 eV–5 keV [26]. An absolutely
calibrated vacuum ultraviolet (VUV) spectrometer (SPRED)
records the spectral line emission between 10 and 110 nm
with a time resolution of 256 µs. Integration over the full
spectral range yields the radiated power within this wavelength
region [30].

2.3. Active MHD mode control system

The active control system has the following main components:
sensor flux loops, active control coils driven by audio
amplifiers and a digital controller module [22].

The sensor flux loop array used is a subset of the diagnostic
(sensor) magnetic flux loop array (described above), including
loops at Ms = 4 poloidal and Ns = 32 toroidal equally spaced
positions. The array thus consists of Ms ×Ns = 4×32 = 128
flux loops. The target modes of the active control system are
m = 1 RWMs. (The m = 0 modes resonant at the reversal
radius are not considered in the present study.) Therefore,
the flux loops at a toroidal position are pair-connected (top-
to-bottom and out-to-in) into 64 independent m = 1 sensor
signals, which are used for resolving helical m = 1 modes
with −15 ! n ! 16.

A two-dimensional array of active (control) saddle coils
is placed at a minor radius rc = 0.238 m, outside the shell.
Each coil has Nt = 40 turns. There are Mc = 4 coils in the
poloidal direction and Nc = 32 equally spaced poloidal arrays
of coils, giving a total number of Mc × Nc = 4 × 32 = 128

Figure 2. EXTRAP T2R MHD active control coil array. The
two-dimensional array consists of saddle coils at Mc = 4 poloidal
and Nc = 32 toroidal positions. The angular extension of each
saddle coil is "θc = 90◦ and "φc = 11.25◦. The coils are equally
distributed over the torus fully covering the surface.

saddle coils, shown schematically in figure 2. The angular
positions of the coil centres coincide with the sensor flux loop
positions. The array provides 100% coverage of the torus
surface. The nominal angular extension of each saddle coil
is "θc = 90◦ and "φc = 360◦/32 = 11.25◦ in the poloidal
and toroidal directions, respectively. The four coils at each
toroidal position are pair-connected (top-to-bottom and out-
to-in), giving 64 independent active m = 1 coils. The m = 1
connected coil pair has an L/R time constant of τc = 1 ms.
Each coil pair is driven with an audio amplifier having high
bandwidth satisfying fhigh % τ−1

c , τ−1
sh . The maximum coil

current per turn is 20 A, generating a magnetic field of about
3 mT, which is a few per cent of the equilibrium poloidal field.

A digital controller module, developed by Consorzio RFX,
is used [31]. The controller is based on a CPU and control
algorithms are implemented in software. The controller has
64 input sensor signals and 64 output amplifier control signals.
The cycle time is 100 µs. In these experiments, the controller
performs a feedback control method that is referred to as the
intelligent shell scheme. The control system is decomposed
into a set of 64 independent sub-systems consisting of a single
active m = 1 coil and the corresponding m = 1 sensor at the
same position. The sub-system acts in a closed feedback loop
to zero the local m = 1 amplitude of the radial magnetic flux
in the sensor. Since the array covers the full surface area, the
total m = 1 component of the radial flux through the shell is
thus minimized by the combined action of all the coils. Each
feedback loop incorporates a software control algorithm that
performs proportional-integral-derivative (PID) control action.
The proportional loop gain used in the present experiments
is G0 = 10 (at low frequency). The corresponding integral
and derivative loop gains are GI = 1.3 × 102 s−1 and GD =
3.3 × 10−3 s, respectively.

3. Experimental results

The MHD mode growth, global plasma parameters and pulse
length in EXTRAP T2R are shot-to-shot reproducible. In order
to illustrate the effect of intelligent shell feedback control of
MHD modes it is therefore useful to compare two shots with
the same experimental setup, where one shot is a reference
discharge without active control and the other a shot with active
intelligent shell feedback control.
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Experimental observation of toroidal side band 

coupling with intelligent shell feedback
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Nonrigid, multimode kink response: 
NSTX

NSTX example, 1 unstable mode and possible stable spectrum excitation

NSTX MHD Mode Control MTG 2006: S.A. Sabbagh 16

! Poloidal n = 1 RWM field 
decreases to near zero

! Radial field increasing

! Subsequent growth of poloidal
RWM field

! Asymmetric above/below 
midplane

! Radial sensors show RWM 
bulging at midplane

! midplane signal increases, 
upper/lower signals decrease 

! Theory: may be due to other 
stable ideal n = 1 modes 
becoming less stable

RWM may change form and grow during active control
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stabilizer plates ! Stabilizer plates for kink 
mode stabilization

! Operation at !
N
/!
N
no-wall > 1.5 

for pulse >> "
wall

at highest 
!
N

> 6 

! External midplane control 
coils closely coupled to 
vacuum vessel

! Internal sensors can detect 
n = 1 – 3 RWM

! Unstable n = 1 – 3 RWMs
already observed in NSTX 
(Sabbagh, et al., NF 46 (2006) 635.)

! n > 1 RWM studied during
n = 1 active stabilization

RWM Active Feedback System Installed on NSTX

RWM

sensors

RWM

sensors

Sabbagh, et al., PRL, 97 045004, (2006)
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Nonrigid, multimode kink 
response: HBT-EP

HBT-EP example: 
differing local plasma 
response of unstable 
mode while “muting” 
certain coil pairs

Experiments and modelling of external kink mode control

Figure 6. Left: a schematic where a single turn RWM control coil could be located in an ITER port plus blanket and shield module. Right:
the dispersion relation for the RWM as a function of feedback proportional gain showing best pressure achieved is βN = 3.94 for the seven
internal control coils shown in figure 4.

Figure 7. When control coils at toroidal position 1 (T1) are turned off, the sensors near T1 measure much weaker effects of the feedback on
the m = 3 mode amplitude. Shown in red are measurements with positive feedback (mode excitation), in blue, negative feedback (mode
suppression). Bottom: similarly, when control coils at T3 are turned off, feedback effects are weaker at T3.

well below the ideal wall pressure limit computed by VALEN
including the stabilizing effect of the close fitting blanket and
shield modules of βN = 4.86. Alternatively, when we model
the RWM stabilization achievable with the highly modular,
internal coils, which consist of only seven single turn port-plug
mounted coils each of which is only 10◦ wide in toroidal angle,
we find a significant improvement in performance reaching a
maximum stable βN = 3.94 using only proportional gain in
a simple feedback control loop. These results are shown in
figure 6 together with a schematic of a possible location for
this control coil in an ITER port blanket and shield module.

While the improvement in feedback performance at high
pressure is significant for this highly modular control coil set, it
raises a question about the effect of using such highly localized
control coils. This is an important question now being studied
on HBT-EP and discussed in the following sections.

5. Observations of lack of mode rigidity of RWM in
HBT-EP

The present HBT-EP feedback control coils (figure 1) are
modular enough that when operated to produce a particular
helicity, e.g. m/n = 3/1, a significant amount of magnetic

Figure 8. The new HBT-EP configuration showing sensor and
control coils, new passive stabilization shells and high resolution
magnetic diagnostic arrays.

flux is inevitably expressed into other modes (sidebands).
Experiments on HBT-EP [23] have shown phenomena
consistent with the excitation of sidebands and a lack of
mode rigidity, although this did not prevent the successful
suppression of the RWM all the way to the ideal wall limit.
Two sets of experiments were performed with the control coils
at one of the five toroidal positions muted. All sensors were
still active, so if the plasma could be modelled as having

1297

Pedersen, et al., NF, 47,1293, (2007)
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Nonrigid, multimode kink 
response: HBT-EP

1 Introduction

• We are interested in detecting and controlling the tokamak exter-
nal kink instability.

• The tokamak environment is inherently noisy, and instabilities
must be distinguished from noise for successful feedback.

• During real-time feedback, a Kalman filter is used to detect the
amplitude and phase of a growing, rotating mode.

• Experimental results can be further analyzed using SVD-based
techiques.

2 About Kalman filtering

What is a Kalman filter?

• The Kalman filter combines a linear model for a system of inter-
est with measurements to produce a real time estimate for the
system’s state.

• The model might be slightly inaccurate or incomplete.

• Likewise, measurements could be incomplete or noisy.

• With the Kalman filter, reliance on the model vs. the measure-
ments can be adjusted.

The Kalman filter is a simple matrix equation

!xi = Φi!xi−1 + Ki!zi,

where !x is the optimal estimate of the system state and !z is a
vector of measurements.

Here,

Φi = (I −KiH)(A + BGH), and

Ki = (APiA
′ + Q)H ′(H(APiA

′ + Q)H ′ + R)−1.

A A model for the system dynamics
B System response to a control input
G Gain
H Model for measurement dynamics
P Error covariance of estimate

Q, R System and measurement noise covariances

• Increasing Q means the model is trusted less. Increasing R means
measurements are trusted less.

• In experiments, we use a filter with a constant Kalman gain,
Ki → K.

The system model depends only on the mode’s
growth and rotation rate

The idea is to model the cos ϕ and sin ϕ Fourier components of a
rotating, growing n = 1 mode. (These map to an amplitude and
a phase.) The time-domain equation is

d

dt

(
Bcos

p

Bsin
p

)

=

(
γ −ω
ω γ

) (
Bcos

p

Bsin
p

)

.

The solution is

!Bp(t) = exp(γ t)R(ω t) !Bp(0).

3 Modeling feedback

Basic equations

• The reduced Fitzpatrick-Aydemir equations [1] are used to com-
pare the efficacy of various filtering schemes.

d!y

dt
= A!y + !Rψc,

where

!y =

(
ψa

ψw

)

, A =



(1− s̄− iᾱ)γ2
mhd

νd
− γ2

mhd

νd
√

c
γw
√

c
1−c − γw

1−c



 ,

and !R =




−cfγ2

mhd

νd
γw(1−ccf)

1−c



 .

• The poloidal field depends on the mode fluxes, wall radius, and a
coupling coefficient [2],

Bp =
3

rw(1− c)
(2
√

c,−(c + 1)) ·
(

ψa

ψw

)

,

and decomposed into sin ϕ and cos ϕ modes with added Gaussian
noise ν.

B cos
p = Re[Bp + ν]

B sin
p = Re[e−iπ/2(Bp + ν)]

Without filtering

• It takes nearly 2 msec to sta-
bilize the mode.

• A lot of control power is used,
even after the mode is stabi-
lized.

• Quite a bit of noise makes it
into the controller’s output.

With Kalman filtering

• The mode is stabilized
quickly.

• Control power is minimal, es-
pecially after stabilization.

• The Kalman filter removes all
the noise from the output.

4 HBT-EP hardware and diagnostics

• HBT-EP has an adjustable wall, made from aluminum and stain-
less steel segments.

• Poloidal feedback sensor coils (blue) and a high-density array of
poloidal pickup loops (red) are used to diagnose MHD activity.

Feedback system

• There are 4 feedback loops, each operating independently.

• One feedback loop is composed of 5 poloidal sensor coils and 5
radial control coil pairs.

Analog 
Filtering

FPGA
Analog 

Amplification

ϕ !

• Each loop is driven by a low-latency field programmable gate array
(FPGA) from National Instruments.

• The FPGAs are easy to program (LabVIEW is used), and algo-
rithms can be parallelized.

• Each FPGA has 8 16-bit inputs, and 8 16-bit outputs. Calcula-
tions are done with 32-bit integer math.

• A spatial discrete Fourier trans-
form (DFT) selects the n = 1
mode.

• Phase lag and lead compen-
sators correct for hardware
transfer functions.

• Noise can be added to test the
robustness of control algorithms.

• The toroidal phase of the output
is adjustable.

• Total latency is ∼10 µsec, ex-
ternal kink instabilities grow on
a 100–500 µsec timescale.

5 External kink mode observation

• The plasma currrent is ramped
to create an edge current gradi-
ent.

• As the q = 3 surface goes ex-
ternal, an (m, n) = (3, 1) mode
appears

• The modes appear to grow ex-
ponentially, then saturate.

• Average growth rate is 5 msec−1,
average rotation rate is 5 × 2π
rad·msec−1

Fits to linear modes

• The linear equation A!x = !b is solved at every time point.

• !b holds the measurements from poloidal magnetics.

• A holds, say, the Fourier components of a set of modes at every
sensor location. For example:

A =





−− cos(3θ + 1ϕ)−−
−− sin(3θ + 1ϕ)−−
−− cos(2θ + 1ϕ)−−

...





• We can then solve for the mode amplitudes !x.

• The limitation of this method is that we have to assume the spatial
structure of the modes. It is not inferred from the data.

• For example, use the (3, 1) and (2, 1) (not shown) modes for the
fit.

• Fit looks ok, but some coils have large errors!

• When more than 3–4 modes are used, amplitudes blow up.

Bi-orthogonal decomposition

• A bi-orthogonal decomposition picks out spatial and temporal
modes

• The idea is to put all the field measurements at every time point
into a matrix

A =





−− bp1(t)−−
−− bp2(t)−−

...





• Singular value decomposition can then be used to identify the dom-
inant behavior.

A = UWV ′

• Here, W is a diagonal matrix of the singular values, and the ma-
trices U and V hold the spatial and temporal modes.

• Usually only two modes are
prominent.

• We get interesting spatial mode structures from the BD

• The first pair looks like an (m, n) = (3, 1) mode.

• The second pair is more difficult to interpret. Maybe (m, n) =
(6, 2)?

• The dominant modes are os-
cillating at∼4 kHz and about
90◦ apart in phase

• It looks like the first two
modes are the sine and co-
sine components of a rotating
(m, n) = (3, 1) mode.

What about fitting spatial modes from the BD at
each time point?

The first two pairs of modes from the BD were used in the fit.

• Errors on all individual coils are much smaller.

• Mean error is smaller, too.

6 Feedback results

• The Kalman filter is programmed to target the (m, n) = (3, 1)
mode.

• The feedback phase angle ∆ϕf is then scanned.

Kalman filter effect on (m, n) = (3, 1) activity

• As the feedback phasing is scanned, clear regions of suppression
and excitation are observed.

Kalman filter effect on other MHD activity

• Here’s the effect on the 2nd mode from the biorthogonal decompo-
sition.

• Note that the amplitude is much smaller than the (m, n) = (3, 1)
mode.

• Feedback seems to have a weaker effect.

7 Conclusions

• Analysis of poloidal magnetics data using a biorthogonal decompo-
sition shows a dominant (m, n) = (3, 1) mode, plus many others,
including what looks like an (m, n) = (6, 2) mode.

• A simple but effective Kalman filter has been implemented for
feedback control of the tokamak external kink mode.

• The Kalman filter substantially enhances feedback under noisy
conditions. For more on this, see [3].

• The Kalman filter’s system model has only two parameters: the
mode’s growth and rotation rates.

• The Kalman filter can distinguish the (m, n) = (3, 1) mode from
noise, to both suppress and excite the mode, depending on the
setting of the phasing of feedback.
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n=1 and 2 predicated unstable 
at high pressure in ITER
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Why investigate these 
effects on HBT-EP?
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Why investigate these issues 
on HBT-EP?

• Experimental measurements on HBT-EP are:

• Easy to implement with large sets of control and sensors 
coils and power supplies at low cost
•  “Unlimited” runtime
• “Clean” high field side magnetic diagnosis of multiple 
modes possible
• Cylindrical/slab theory better approximation than in large 
devices for basic theory validation
• “Simpler” fluid theory applicable
• VALEN multimode plasma response benchmark
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Investigating these issues on HBT-EPWhat is the new wall?

New wall, control and sensor coil arrays
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HBT-EP new wall, control and sensor 
coils arrays
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Multimode VALEN has been 
benchmarked and is up and running

Unstable n=1,2 at modest 
BetaN

Stable n=1 mode spectrum

Feedback calculations underway... J. Bialek, 
Wednesday morning
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New ideal wall limit increases window 
of RWM instabilityConsider Three Wall Options:

• “basic” c = 0.329

• “alt #1” c = 0.225

• “alt #2” c = 0.209

2

VALEN
          Figure 1a 
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Ideal limit increased 
by factor ~2 compared 

to old wall
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 Designing the wall diffusion time

• Technical/manufacturing 
constraint:  must use 3/16
 inch S. Steel

• Electroplate 5 mils of Cu 
on the continuous portion 
of the shell to slow down 
the mode growth by ~2

• Electroplate whole shell 
with 1/2 mil of Cr to 
“protect” Cu
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New wall construction:  Spinning 
Stainless Steel “Pans”

• Spinning work 
hardens and 
embeds large 
residual stresses 
in the pans

• Solution: anneal 
to 1850 F
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Annealed pan “edges” ready for 
machining

• Bead blasted pan 
“edge” laser cut into 
shell segments with 
window panes
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The (almost) finished product...

• Initial sample measurements have the shell 
conformal to the design surface to < 1mm

Next steps: Electropolishing, electroplating, and 
control coil winding and sensor installation
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New control coil design/construction
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• Total of 120 new control 
coils

• 3 “flavors” with 5, 10, 15 
degree toroidal angular 
extent

Tuesday, November 10, 2009



Control coil-wall eddy current 
coupling

to.maurer.03.27.2008

Dave

Here are some results from the FR HBT model.  The coil used was closest

(vertically) to the mid-plane of the shell and closest (toroidally) to the body of the plate.

VALEN calculations applied 1 volt to the coil & varied the frequency. The coil circuit

parameters were  (L,R) = (0.11918419E-03 H, 0.70183586E+00 W).  The mutual

inductances between the driven coil and sensor was:

  0.10592349E-07  H  (this is sensor #1 directly under the coil, 1 turn in sensor)

Results follow:  (Remember we have 15 turns in the coil, this is why the magnitude of

current in the plate seems to be greater that the current in the coil, see figure 1)

Figure 1
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figure 2

figure 3
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• Window pane stainless steel induced eddy 
currents are a ~10 to 20% effect
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Feedback Performance: 10 degree coilsto.hbt.10.26.2009

Here is additional information for HBT

Figure 1

Basic growth rate & simple feedback performance (using 40 middle sized coils and one

poloidal feedback sensor)
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The following plots show mutual inductance between model sensors and the

single plasma mode.
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• Single mode VALEN 
calculation

• Stabilization up to 1/2 the 
ideal limit

• Multimode feedback VALEN 
calculations started
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New magnetic sensor arrays to 
measure multimode plasma response 
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216 new magnetic pickup sensors, n~14, m~15
Along with new preamps and digitizers 
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New magnetic sensor arrays in vessel 
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Calibration method/technique 

• Assumptions:  Source coil 
location, NA and amplifer gains 
perfectly known.  No eddy 
currents. No noise.
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Sensor construction and calibration

“Copper” plasma in-situ calibration

Bench tests

Typical sensors
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System installation and alignment

R and Z Measurements

 ! Measurements

Rotating base Angular track

Accuracy:  R~0.25mm,  
Angle~1/80 degee, Z~1/64in

Calculated error fields due 
to coil misalignments: 
VF ~0.1G,  TF ~10G
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System installation and alignment

Thanks to Phil Efthimion and Steve Raftopoulos 

3D coordinate measuring arm for final 
installation measurements of shell position.  
Available via collaboration with PPPL.
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Summary and conclusions

• HBT-EP is in the process of successfully installing a 
new wall, control, and sensor system for mutlimode 
plasma response studies

• This system will allow new and novel experiments 
on multimode plasma response during kink 
feedback, magnetic spectroscopy, and edge 
ergodization experiments using our new control 
coils to drive plasma response and our new 
extensive array of magnetic sensors to quantify it.
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Special thanks to

• Jeff Levesque

• Diasuke Shiraki

• Bryan DeBono

• Nickolaus Rath
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